Abstract-We theoretically propose a novel achromatic optical isolator based on circular dichroism in metamaterials of twisted chains of metallic nanoparticles. The suggested optical isolator consists of an input polarizer, followed by quarter-wave plate, then a circular dichroism material, another quarter-wave plate, and an output polarizer. In contrast to the most commonly used optical isolators, the current scheme does not use magnetic field and does not change the polarization plane.
INTRODUCTION
An optical diode, or optical isolator, is an optical device which allows light to travel in a single direction. These devices are typically used in optical communications and laser applications to protect a source from unwanted back reflections that might be damaging to optical tools. Furthermore, the use of an optical isolator usually improves the performance of an optical system as it suppresses instabilities and power spikes [1] .
The first optical diode, with schematic shown in Figure 1 , was proposed by Rayleigh [2] in 1885 with a simple design of two polarizers along with one Faraday rotator, which rotates the polarization of light by 45 degrees exploiting a magnetic-field induced circular anisotropy in the material (Faraday effect). However, Rayleigh's optical isolator has certain disadvantages. First of all, the design lacks broadband functionality as the rotation angle depends strongly on the wavelength while, at the same time, the rotation angle is proportional to the length of the Faraday rotator. One needs a very precise tuning of the light wavelength and Faraday-rotator length in order to achieve proper operation. A second drawback is that the magnetic field strength and Verdet constant exhibit temperature dependence. Moreover, the magnet is a major obstacle in downsizing the isolator so that it can be embedded in onchip integrated systems. Additionally, due to the strong magnetic field around those isolators, no steel or magnetic objects should be brought close to them. An additional weakness is that Rayleigh's design alters the polarization of light through the optical isolator, for example, from vertical to 45 degrees polarization.
To overcome the magnetic issues, several ways have been proposed to realize optical isolators that do not use magneto-optical effects. Some of those approaches break time reversal symmetry in a different manner such as with the aid of the electro-absorption modulation [3] , opto-acoustic effect [4] , and phase modulation [5, 6] . More recently, a Mach-Zehnder-type modulator has been proposed [7] . In addition, a large class of optical isolators use nonlinear media to break Lorentz reciprocity [8] [9] [10] [11] [12] [13] .
In this paper, we propose a way to realize a broadband optical isolator which does not change the polarization plane based on a plasmonic-metamaterial design which consists of twisted chains of metallic nanoparticles. The approach is based on the effects of circular dichroism [14, 15] and nonreciprocal The Faraday rotator will rotate the polarization by another 45 degrees (light is now polarized horizontally). Since the polarizer I is vertically aligned, the light will be blocked.
optical propagation. Our design combines advantages of other designs such as nonmagnetic realization of broadband optical isolation along with easy miniaturization so that it can be embedded in onchip integrated systems. The miniaturization is favoured by the nanoscale design of the plasmonic metamaterial and the possible use of liquid-crystalline or Pockets-cell waveplates. In the latter case, a very fast switching probability is also within reach.
BROADBAND AND CIRCULAR-DICHROISM OPTICAL ISOLATOR
In our design, we have two quarter-wave plates (the first plate provides a retardance of π/4 with the second one 3π/4), a material possessing strong circular dichroism [16] , and two vertical polarizers at both end sides of our device. Figure 2 shows a schematic diagram of our design. After passing through the first polarizer light is vertically polarized. Then, it passes through the π/4 quarter-wave plate, and as a result the light polarization is altered to right circular polarization. After that, light passes unaffected through the circular-dichroism material (CD), which is designed to allow RCP waves to pass and blocks LCP waves. Next, light passes through the second quarter-wave plate (the one with 3π/4 retardance) which transforms it from right circularly-polarized to vertically (linearly) polarized. Finally, the light passes without losses through the second polarizer. On its way back, the vertical polarized light is transformed to left circularly-polarized light after passing through the 3π/4 quarter-wave plate, and it is eventually blocked by the CD material. Such a setup serves as an optical diode. If all elements in Figure 2 are broadband, then such an optical isolator operates within a wide spectral range. Since broadband quarter-wave plates and polarizers are available on market [17-19], we focus on how to realize a broadband and highly absorptive CD material. One obvious realization of a broadband CD setup is to use a stack of several layers of different materials with spectrally-shifted absorption maxima in the form of a multilayered composite material. A more efficient design, which we explore in the next section, is a plasmonic metamaterial which serves as a broadband and highly absorptive CD material.
PLASMONIC METAMATERIAL AS A CIRCULAR-DICHROISM MATERIAL
Next, we describe the plasmonic metamaterial which serves as a circular-dichroism material. The design we have in mind exhibits giant circular dichroism and can be viewed as a plasmonic analog of twisted-nematic (cholesteric) liquid crystals [20, 21] . Namely, it is a two-dimensional (2D) array of chiral layer-by-layer meta-atoms consisting of mutually twisted linear chains of metallic nanoparticles (NPs), i.e., each layer of the meta-atom contains a linear chain of metallic NPs which is rotated relative to the preceding layer by a constant angle φ along the symmetry axis of the meta-atom (see Fig. 3 ). The optical properties of the chiral metamaterial under study are calculated by means of the discretedipole approximation (DDA), where each NP of the metamaterial is considered as a polarizable point dipole [16, [22] [23] [24] [25] [26] . The system is illuminated by either right or left (RCP/LCP) circularly polarized light, and solution of the corresponding DDA linear system of equations provides the scattered electric field. Then, the transmission, reflection, and absorption coefficients are calculated for each polarization, and the circular-dichroism (CD) is directly given by:
with A RCP (A LCP ) being the absorption spectrum for right-(left-) circularly polarized light. The method described above is based on the local response approximation. However, since the nanoparticles in each chain are touching, quantum-effects can be taken into account for a refinement of the depicted absorption CD spectra [27] . The metamaterial is a 2D square array of the above three-dimensional (3D) meta-atom (see Fig. 4 ). The lattice of meta-atoms is described by the lattice vectors
where a 1 and a 2 are the unit vectors of the 2D lattice of the metamaterial. The position of the ν-th NP (dipole) within a meta-atom (unit cell) is denoted by R ν where ν = 1, . . . , N m and N m is the number of different NPs within the meta-atom. The corresponding square-lattice unit vectors of 2 are provided by
where a is the 2D lattice constant. Each meta-atom is built up in a layer-by-layer fashion (see 3), i.e., a single layer lies in the xy-plane and consists of a linear chain of touching metallic NPs of radius S. The 
Obviously, the total number of NPs within each meta-atom is
We consider a twisted metamaterial (see Fig. 4 ) of gold NPs with radius S = 5 nm whose dielectric function is taken from experiment [28] . The meta-atom consists of N L = 11 chains of NPs, mutually twisted by an angle Δφ = 2π/N L = 2π/11rad = 32.73 • , wherein each chain consists of N C = 7 NPs. The 2D lattice constant is a = 4N C S = 140 nm, and the height of the (chiral) meta-atom is h = 2N L S = 110 nm. The 2D surface coverage, i.e., the fraction of the xy-plane covered by a single chain of NPs is f = N C π(S/a) 2 = 2.8%. Fig. 5 shows the absorption circular-dichroism (CD) spectrum of the above twisted plasmonic metamaterial. It is obvious that there is broad spectral region, namely from 700-1000 nm where the absorption CD is remarkably high (50% on the average for this spectral region) serving the purpose of a CD material with broadband operation. We note that the particular choice of the geometrical parameters N L and N C provides an optimized metamaterial setup as it maximizes the range of the absorption CD spectrum. An in-depth parametrical study of the absorption CD spectrum as well as an explanation of the underlying physical mechanism can be found in [16] .
Consequently, such a plasmonic-metamaterial design is ideally suited for the realization of broadband optical isolator in the range between 700 nm and 1000 nm, based on the configuration of Figure 2 . Since such a CD material possesses remarkably high absorption CD spectrum, one would expect that the isolation efficiency of such an optical isolator is equally high within a moderate range of isolator lengths. Also, in Fig. 6 , we show the light transmittance for right-and left-circularly polarized light incident on the plasmonic metamaterial. We observe that for both polarizations (0.60 for the LCP and 0.70 for the RCP) the transmittance is sufficiently high for the proper operation of the proposed optical-isolator setup.
CONCLUSION
In this paper we have offered a simple means to realize a nonmagnetic and broadband optical isolator which competes with the standard magnetic setups. Our isolator design consists of two polarizers, two achromatic quarter-wave plates, and circular-dichroism material based on a chiral plasmonic metamaterial made of twisted chains of metallic nanoparticles. The expected transmission bandwidth of the suggested optical isolator is about 300 nm, which is the bandwidth of high absorption circular-dichroism of the chiral metamaterial. The suggested chiral metamaterial may be realized in the laboratory by suitable functionalization of gold nanoparticles with cholesteric liquid-crystal mesogens [29] [30] [31] . Finally, we should note that even though we suggest the operation of our broadband optical isolator with meta-materials of twisted chains of metallic nanoparticles, the scheme of operation is quite generic and may function with any material exhibiting similar broadband circular dichroism spectra. For example, in the THz regime, a suitable isolator design would comprise a superconducting THz metamaterial with huge nonlinearity and tenability [32] .
